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Contrast-enhanced MR 
Delineation of Stunned 
Myocardium with 
Administration of MnCl 2 
in Rats 1 



PURPOSE: To determine whether stunned myocardium can be delineated at 
magnetic resonance (MR) imaging with differential cellular uptake of manganese 
ions. 

; MATERIALS AND METHODS: Twenty-one adult Sprague-Dawley rats underwent 
' either (a) a sequence of three episodes of 10 minutes of coronary artery occlusion 
i and 12 minutes of reflow (group 1, n = 9); (b) a single episode of 10 minutes of 
occlusion followed by reflow (group 2, n = 6), designed to produce different 
' degrees of myocardial stunning; or (c) a single episode of 2 minutes of occlusion 
| followed by reperfusion (group 3, n = 6), designed to produce no stunning. 
\ Ventricular wall thickening was measured on spin-echo (SE) MR images. MnCI 2 
(0.025 mmol/kg) was intravenously infused for 10 minutes. Highly T1 -sensitive 
inversion-recovery (IR) SE images were obtained to detect subtle regional differences 
in manganese accumulation. Hearts were stained at sacrifice to define area at risk 
and to test for myocardial infarction. Significance of differences in mean values was 
evaluated with repeated-measures analysis of variance. 

RESULTS: All hearts were free of infarction, as detected with triphenyltetrazolium 
i chloride staining. On IR SE images, the hearts from rats in groups 1 and 2 exhibited 
clearly delineated regions of diminished manganese uptake in the expected territory 
of the occluded artery. The circumferential extent of the manganese-defined defect 
i (45.5% ± 5.6) was similar to that of the area at risk (46.8% ± 7.5). Systolic wall 
! thickening in the defect was significantly (P < .01) less than in the nonischemic 
myocardium (2.7% ± 3.3 vs 31.2% ± 7.5 and 10.0% ± 4.8 vs 28.6% ± 6.5, 
respectively, for groups 1 and 2). The hearts from rats in group 3 demonstrated no 
wall thickening deficit or abnormal zone on manganese-enhanced images. 

CONCLUSION: Stunned myocardium was delineated with MnCI 2 -enhanced MR 
imaging as a hypoenhanced zone. This finding suggests that Ca 2+ channel activity 
is diminished in stunned myocardium. 

c RSNA, 2004 



Manganese-based contrast media putatively imparts contrast at magnetic resonance (MR) 
imaging of the heart according to myocardial cellular function. Mn 2+ is taken up by 
myocardial cells through voltage-operated calcium channels and retained for several hours 
(1,2). Voltage-operated calcium channels are intimately involved in excitation-contraction 
coupling. Hunter et al (1) showed that agents that increase or decrease myocardial calcium 
channel activity, such as beta-adrenergic agonists or calcium channel inhibitors, affect 
manganese uptake in a similar fashion. 

These phenomena have also been observed with MR imaging techniques. Vander Elst et 
al (3) measured manganese uptake and retention in the heart with MR spectroscopy after 
administering either MnCl 2 or mangafodipir (Teslascan; Amersham Health, Princeton, NJ) 
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and observed diminished uptake when 
the calcium channel inhibitors verapamil 
or nifedipine were added. More recently, 
Hu et al (4) used MR imaging to observe 
increased manganese-dependent signal 
enhancement in mice after beta-adrenergic 
stimulation with dobutamine and inhibi- 
tion of signal enhancement by adding the 
calcium channel blocker diltiazem. 

In rats that underwent transient re- 
gional myocardial ischemia sufficient to 
produce reperfused infarction, Saeed et al 
(5) found Tl enhancement in the non- 
ischemic myocardium that remained 
constant during clearance of manganese 
from the blood and washout of manga- 
nese from the nonfunctional infarcted 
region. Bremerich et al (6) showed that 
myocardial infarction could also be de- 
lineated at delayed MR imaging after ad- 
ministration of mangafodipir because of 
differential uptake of Mn 2+ released from 
the chelate. 

Stunned myocardium is a reversible 
functional deficit that evolves after a sin- 
gle or repeated brief periods of ischemia 
(7,8). There are many clinically relevant 
settings in which stunned myocardium is 
known to occur, including exercise-in- 
duced ischemia, heart transplantation, 
acute myocardial ischemia, and periin- 
farction dysfunction (9). The cause of 
stunned myocardium is thought to in- 
volve a combination of transient postre- 
flow calcium overload and oxygen radi- 
cal damage, which reduces the calcium 
sensitivity of myofibrils (10). Thus, the 
stunned myocardium model provides an 
important experimental setting in which 
to test the value of manganese-enhanced 
MR imaging in the evaluation of regional 
myocardial function. 

Accordingly, the purpose of this study 
was to determine whether stunned myo- 
cardium can be delineated at MR imaging 
with differential cellular uptake of Mn 2+ . 



MATERIALS AND METHODS 

MnCl 2 Solution 

MnCl 2 solution was prepared by dis- 
solving crystalline salt (Sigma Chemical, 
St Louis, Mo) in a 9% saline solution to a 
final concentration of 25 mmol/L before 
intravenous infusion at a volume of 1 mL 
per kilogram of body weight. 

Manganese is a paramagnetic divalent 
cation that has been used as a contrast 
medium for imaging the heart, liver, and 
kidneys (11). MnCl 2 has aTl relaxivity of 
8 mmol/L" 1 • sec -1 and a T2 relaxivity of 
62 mmol/L -1 * sec" 1 in aqueous solution 



at 40°C and 0.47 T (12). Mn 2+ has a short 
plasma half-life of 4.7 minutes (11). 

MnCl 2 , rather than mangafodipir, was 
used because image contrast evolves 
quickly after administration due to rapid 
uptake of free Mn 2+ by viable heart cells 
and rapid removal from the blood (1,5); 
thereafter, image contrast remains un- 
changed for hours. When mangafodipir 
is used, Mn 2+ is released slowly from the 
chelate (13). The contrast seen on MR 
images is caused by differential uptake 
and/or retention of Mn 2+ , and several 
hours are required after administration to 
allow for development of maximal con- 
trast and for clearance from the blood (6). 
Consequently, it was considered likely 
that a true short-lived differential uptake 
of Mn 2+ would be undetected by using 
mangafodipir. 

Animal Preparation 

Care and maintenance of experimental 
animals were performed in accordance 
with National Institutes of Heath guide- 
lines. The experimental protocol received 
prior approval from the committee for 
animal research at our institution. Surgi- 
cal procedures were performed by one of 
two authors (G.A.K. or M.F.W.). Female 
Sprague-Dawley rats (n = 21, 210-345-g 
body weight) (Simonsen Laboratories, 
Gilroy, Calif) were anesthetized with in- 
traperitoneal injection of sodium pento- 
barbital (50 mg/kg). Additional anes- 
thetic was administered as necessary to 
maintain inhibition of the corneal reflex. 
After tracheotomy, the animals received 
mechanical ventilation at a rate of 60 
respirations per minute (Rodent Respira- 
tor model 643; Harvard Apparatus, South 
Natick, Mass). A catheter was placed in a 
tail vein for delivery of the contrast me- 
dium and was used later for infusion of 
tissue dye. Left thoracotomy was per- 
formed at the fourth intercostal space. 
The left anterior descending coronary ar- 
tery was occluded by placing a snare lig- 
ature around the artery and a small por- 
tion of the surrounding myocardium. 
Reperfusion was accomplished by releas- 
ing the ligature. 

Rats were divided into three groups. 
Rats in group 1 (n = 9) underwent a se- 
quence of three episodes of 10 minutes 
occlusion and 12 minutes reflow to pro- 
duce stunned myocardium. Rats in group 
2 (n = 6) underwent a single episode of 
10 minutes occlusion followed by reflow 
to produce more moderate stunning (10). 
Rats in group 3 (n = 6) underwent all 
surgical procedures, but occlusion lasted 
only 2 minutes and was followed by 



reperfusion, so as to produce no stun- 
ning. Group 3 served as the control 
group. Myocardial stunning produced 
with multiple episodes is considered to 
produce more chronic dysfunction and is 
reminiscent of dysfunction observed in 
hibernating myocardium (10). 



MR Imaging 

MR images were obtained with an MR 
unit (Omega CSI; Bruker Instruments, 
Fremont, Calif) at a setting of 2 T. Each 
animal was placed in the supine position 
in a home-built birdcage radio-frequency 
coil and connected to an electrocardio- 
graphic (ECG) monitor (Accusync model 
61; Advanced Medical Research, Milford, 
Calif) that provided a continuous read- 
out of heart rate and a trigger signal at 
the rise of the R wave for prospective 
cardiac gating of the MR imaging se- 
quences. Heart rate was recorded at ap- 
proximately 15-minute intervals. For 
combined respiratory and cardiac gating, 
a switch was mechanically connected to 
the ventilator so that it closed during end 
expiration and passed a 5-V DC signal. 
The outputs from the ECG trigger and 
the respiratory switch were connected to 
a logical AND gate, and ECG trigger 
pulses were passed to initiate the MR 
pulse sequence only when the switch was 
closed. Control of repetition time dura- 
tion (number of R-R intervals between 
sequence iterations) and cardiac phase of 
images was accomplished by placing us- 
er-adjustable delay intervals at the begin- 
ning and end of the pulse sequence. The 
animal's core temperature was main- 
tained with a recirculating heated water 
pad. Imaging commenced a minimum of 
30 minutes after final reperfusion. 

Coronal and transverse scout images 
were obtained to guide positioning of the 
coil to place the heart midventricle at the 
center of the z gradient and to define the 
short-axis plane. All MR pulse sequences 
were carried out with field of view of 
50 X 50 mm, matrix of 256 X 128 points 
zero filled to 256 x 256 points, and sec- 
tion thickness of 2 mm. First, respiratory 
and ECG-gated spin-echo (SE) short-axis 
images (repetition time msec/echo time 
msec, 1,000/12; two excitations) were ob- 
tained at two or three adjacent levels of 
the heart at end systole and end diastole 
for evaluation of ventricular wall thick- 
ening. For end diastolic images, the im- 
age data were acquired immediately (14 
msec) after the ECG trigger at the rise of 
the R-wave by setting the predelay inter- 
val to 1 msec. End systolic images were 
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to measure circumferential extent of the man- 
ganese-delineated myocardial defect and of 
the area at risk defined by blue dye distribu- 
tion. In this figure, the cylindrical wall — de- 
fined by the outer and inner circular solid 
lines — represents the transverse section of the 
left ventricle (LV). The dashed line inside the 
circle represents the circumferential midline 
(centerline) of the left ventricular section. The 
crosshatched region represents the lesion. The 
crescent-shaped structure on the left repre- 
sents the right ventricular (RV) free wall. The 
points labeled A and £ (arrows) indicated on 
the midline represent the boundary of the le- 
sion along the midline. The circumferential 
extent of the lesion is defined as the length of 
the midline between points A and B within the 
lesion divided by the length of the entire mid- 
line circumference (from A to A). 



acquired by setting the predelay interval 
to 0.45 of the R-R interval. 

MnCl 2 (0.025 mmol/kg) was intrave- 
nously infused for a 10-minute interval, 
and conventional Tl-weighted ECG- 
gated images (300/ 12, four excitations) 
were obtained before and during the ini- 
tial 30-minute interval after administra- 
tion of the contrast medium. At least 30 
minutes after administration, respirato- 
ry- and ECG-gated inversion-recovery 
(IR) SE images (repetition time msec/ 
echo time msec/inversion time msec, 
1,000-2,000/12/200-400) were obtained 
to allow the detection of subtle regional 
Tl differences caused by differential 
manganese accumulation. For this series 
of images, a repetition time of 1,000 msec 
was used. In some animals (two or three 
per group), a repetition time of 2,000 
msec was also used, which has the effect 
of moderately increasing both the overall 
signal strength and contrast between re- 
gions. 

Images were obtained at the same sec- 
tion locations that were acquired for as- 
sessment of wall thickening. A nonselec- 
tive radio-frequency pulse was used for 
spin inversion. The first three animals in 
group 1 were used to determine sequence 
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time settings (repetition time and inver- 
sion time), at which normal and post- 
ishemic regions underwent transition 
through null signal intensity. 

Overall, the MR examination lasted 
2V^-4 hours for each animal, with 30 
minutes spent obtaining systolic and di- 
astolic images, 45 minutes spent obtain- 
ing Tl-weighted MR images before and 
after MnCl 2 administration, and the re- 
maining time spent obtaining IR SE se- 
quences. 

Postmortem Tissue Staining 

After MR imaging was completed, the 
coronary artery was reoccluded, and 0.5 
mL of phthalocyanine blue dye suspen- 
sion at 37°C was administered through 
the tail vein catheter to demarcate the 
area at risk (n = 6 for each group). This 
stain imparts deep blue coloration to per- 
fused myocardium, while the area at risk 
remains unstained. The heart was ex- 
cised, and the left ventricle was trans- 
versely cut into approximate 2-mm-thick 
slices. Both surfaces of the slices were im- 
aged with a flatbed scanner (Silverscan- 
ner IV; LaCie, Hillsboro, Ore). The slices 
were then incubated in triphenyltetrazo- 
lium chloride solution for 10 minutes at 
37°C to test for myocardial infarction. 
This stain imparts brick red coloration to 
viable myocardium, while infarcted myo- 
cardium remains unstained (14). Hearts 
from the first three animals in group 1 
were stained only with triphenyltetrazo- 
lium chloride solution, and slices were 
examined with a dissecting microscope 
to carefully scrutinize the myocardium 
for presence of small foci of infarction. 

Data Analysis 

Reconstructed images were converted 
to 8-bit integer format and transferred to 
a computer (Apple; Macintosh, Cuper- 
tino, Calif). Measurements were per- 
formed by using public domain image 
analysis software (NIH Image; National 
Institutes of Health, available at rsb.inf 
.nih.gov/nih-image). Two independent un- 
blinded observers (G.A.K. or M.F.W.) 
evaluated all images and stained tissue 
slices, and their findings were averaged 
together. 

IR SE images were evaluated first. If a 
visually obvious region of abnormal sig- 
nal intensity along the anterolateral wall 
was evident on MR images, this region 
was considered to represent postischemic 
myocardium. The circumferential extent 
of this region was measured by tracing a 
centerline circumferentially through the 



middle of the myocardial wall and then 
marking the visually apparent boundary 
between postischemic and normal myo- 
cardium on the centerline (Fig 1). The 
circumferential extent of the postisch- 
emic region was calculated as the length 
of the centerline within the postischemic 
zone divided by the entire circumference 
of the centerline. If postischemic myo- 
cardium was not evident on manganese- 
enhanced MR images (animals in group 
3), the postischemic zone was considered 
to be the typical territory of the occluded 
vessel, which is the anterolateral wall be- 
ginning at the anterior insertion of the 
right ventricular free wall into the left 
ventricle and encompassing approxi- 
mately 40% of the left ventricular cir- 
cumference. Signal intensities of post- 
ischemic and normal myocardium were 
measured from regions of interest drawn 
within these respective zones. The re- 
gions of interest were drawn to the shape 
of the myocardial wall and encompassed 
at least 50% of the visually apparent re- 
gion on uninterpolated images. The re- 
gions of interest chosen on the IR SE im- 
ages were applied to Tl-weighted SE 
images obtained before and after MnCl 2 
administration. Signal-to-noise ratio was 
measured as the mean signal intensity of 
the region of interest divided by the 
mean signal intensity within a region of 
interest of air. 

The postischemic boundary markers 
on IR SE images were applied to SE im- 
ages obtained at end systole and end di- 
astole to select postischemic myocar- 
dium. Wall thickness was measured at 
four to six evenly spaced circumferential 
locations within the postischemic myo- 
cardium and at six to eight evenly spaced 
locations within the normal myocardial 
wall. These respective values were aver- 
aged together to obtain a mean wall 
thickness for normal and postischemic 
myocardium at end diastole and end sys- 
tole for each animal. Percentage wall 
thickening was calculated as the differ- 
ence between the systolic and diastolic 
mean wall thicknesses, multiplied by 
100, and divided by the diastolic wall 
thickness. 

The circumferential extent of the area 
defined as at risk on postmortem stained 
slices was quantified with a centerline 
procedure similar to that applied to MR 
images. Both sides of each slice were mea- 
sured and averaged. 

Statistical Analysis 

Descriptive statistics and hypothesis 
testing were accomplished with commer- 
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TABLE 1 

Signal-to-Noise Ratio of Myocardial Regions on IR SE Images 



Group 1 Group 2 Group 3 

Inversion 

Time (msec) Healthy Injured Healthy Injured Healthy Injured 

200 (n = 3) 2.6 ±0.9 5.7 ± 0.9 2.0 ± 0.2 4.1 ± 0.3 1.4 ± 0.3 1.3 ±0.2 
400 (n = 6) 4.5 ±0.4 1.8 ±0.3* 5.8 ± 0.4 2.0 ± 0.3* 5.1 ± 0.7 4.8 ± 0.6 

* P < .05 in comparison with healthy myocardial region at repeated-measures analysis of variance 
performed separately for each group. (No statistical tests were performed for values obtained at an 
inversion time of 200 msec, because this measurement was performed in only three rats in each 
group.) 
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Figure 2. Midventricular SE images obtained in a rat that underwent 
three sequential 10-minute episodes of left anterior descending cor- 
onary artery occlusion and 12 minutes of reflow IVz hours before 
administration of 0.025 mmol/kg of MnCl 2 . All panels are approxi- 
mately 80 x 80-pixel square inserts cropped from 256 x 256 images, 
windowed to depict the signal intensity differences, and interpolated 
once. IR SE images obtained with 1,000/12/200 (A), and 1,000/12/400 
(B) approximately 45 and 55 minutes, respectively, after administra- 
tion of MnCl 2 . SE images (1,000/12) acquired at end diastole (C) and 
end systole (D) before administration of MnCl 2 . In each image, large 
arrows along the epicardium and small arrows along the endocar- 
dium of the anterolateral wall indicate the postischemic zone. A, 
With inversion time of 200 msec, all regions of myocardium had 
negative signal intensity polarity. Normal myocardium was relatively 
hypointense since it was approaching null signal, and postischemic 
myocardium was evident as a hyperintense zone. B, With inversion 
time of 400 msec, all regions of myocardium had positive signal 
intensity polarity, and postischemic myocardium was relatively hy- 
pointense as it emerged from null signal. These contrast patterns 
indicate that Tl for the postischemic region was longer than for 
normal myocardium, which indicates that a smaller concentration of 
Mn 2+ was present in the postischemic region. In C and D, the post- 
ischemic wall was akinetic, which indicates that the hypoenhanced 
region was stunned. 



cially available statistical software (Stat- 
view 5.0; SAS Institute, Cary, NC). All 
values are shown as mean ± standard 
error of the mean. Repeated-measures 
analysis of variance was used to evaluate 
the significance of mean differences for 
most measurements (circumferential ex- 
tent of postischemic myocardium on MR 
images vs tissue stains, wall thickening, 
or signal intensity of postischemic vs 
normal myocardium). If the F score from 
analysis of variance indicated a signifi- 
cant difference (P < .05), the comparison 
of individual mean differences was eval- 
uated by using the Fisher protected least 
significant difference test with Bonfer- 
roni correction. Differences were consid- 
ered significant if P was less than .05, per 
the number of individual comparisons. 

RESULTS 



The mean heart rate was 365 beats per 
minute ± 15 at the start of the MR imag- 
ing examination and changed very little 
during 2V2 hours of imaging (final heart 
rate, 357 beats per minute ± 22). Hearts 
from all animals in groups 1 and 2 exhib- 
ited two visually distinct myocardial re- 
gions on postcontrast IR SE images (Figs 2, 
3; Table 1): normal myocardium, including 
septal and inferior walls of the heart, and 
the postischemic myocardium, including 
the anterior and lateral walls. The best in- 
version time settings for observing these 
regions were 200 and 400 msec, which pro- 
duced approximate null signal for normal 
myocardium and postischemic myocar- 
dium, respectively (Table 1). No animals in 
group 3 exhibited regional difference in 
contrast medium accumulation in the left 
ventricle (Fig 4), and the signal intensity of 
normal and postischemic myocardium 
was not significantly different from that of 
normal regions in animals in groups 1 and 
2 (Table 1). 

Differential contrast was evident only 
on IR SE images from animals in group 1 
and those in group 2. No differential en- 
hancement was observed on conven- 
tional Tl -weighted SE images. Instead, a 
significant increase in MR signal inten- 
sity was observed over the entire heart 
after administering MnCl 2 (Fig 5, Table 
2), indicating uptake of Mn 2+ in all myo- 
cardial regions. 

All animals with a lesion in the post- 
ischemic territory on manganese-en- 
hanced images also exhibited less than 
normal wall thickening in that region 
(Figs 2 and 3). The mean wall thickening 
in the postischemic region was signifi- 
cantly less than normal in groups 1 and 



2, but not in group 3 (Fig 6). In group 3, 
animals showed no differential contrast 
of the postischemic region, and wall 



thickening along the anterolateral wall 
was not different from that in the non- 
ischemic regions (Fig 6). 
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Figure 3. Midventricular SE images obtained in a rat that underwent 
a single 10-minute episode of left anterior descending coronary artery 
occlusion followed by reperfusion 2 hours before administration of 
0.025 mmol/kg of MnCl 2 . IR SE images obtained with 2,000/12/200 
(A) and 2,000/12/400 (B) approximately 45 and 95 minutes, respec- 
tively, after administration of MnCl 2 . SE images (1,000/12) acquired 
at end diastole (C) and end systole (D), before administration of 
MnCl 2 . In each image, large arrows along the epicardium and small 
arrows along the endocardium of the anterolateral wall indicate the 
postischemic zone. Similar to Figure 2, when inversion time was 200 
msec, all regions of myocardium had negative signal intensity polar- 
ity, and postischemic myocardium was realtively hyperintense in 
comparison with normal myocardium. When inversion time was 400 
msec, all regions of myocardium had positive signal intensity polar- 
ity, and postischemic myocardium was relatively hypointense. In C 
and D, less than normal wall thickening was evident in the manga- 
nese-delineated zone. 



Figure 4. Midventricular SE images obtained in a rat that underwent 2 
minutes of left anterior descending coronary artery occlusion followed by 
reperfusion 1 hours before administration of 0.025 mmol/kg of MnCl 2 . IR 
SE images obtained with 1,000/12/200 (A) and 1,000/12/400 (B) approxi- 
mately 40 and 75 minutes, respectively, after administration of MnQ 2 . SE 
images (1,000/12) acquired at end diastole (C) and end systole (D) before 
administration of MnCl 2 . In each image, large arrows along the epicardium 
and small arrows along the endocardium of the anterolateral wall indicate 
the postischemic zone. A, With inversion time set to 200 msec, signal 
intensity of the entire myocardial wall was uniformly close to null signal, 
similar to the normal myocardial regions shown in Figures 2 and 3. There 
was no regional hyperintensity within the postischemic region. B t With 
inversion time of 400 msec, the entire myocardial wall exhibited positive 
signal intensity polarity, similar to normal myocardial regions in Figures 2 
and 3. There was no regional hypointensity in the postischemic region that 
would signify diminished manganese uptake. In C and D, normal wall 
thickening was evident in the postischemic region. 



At postmortem examination, no slices 
of hearts stained with triphenyltetrazo- 
lium chloride solution showed evidence 
of infarction. The area at risk was defined 
by distribution of blue dye and encom- 
passed a circumferential extent similar to 
that measured for the region with abnor- 
mal manganese accumulation in groups 
1 and 2. There was no difference in extent 
of the area at risk among groups (Fig 7). 

DISCUSSION 



There were three major findings of our 
study. First, we found that animals sub- 
jected to transient myocardial ischemia 
designed to produce stunned myocar- 
dium showed a lesion of less Tl enhance- 
ment compared with normal myocar- 
dium after administration of manganese. 
Second, the defect delineated with Mn 2+ 
exhibited less than normal systolic wall 
thickening, a finding that is consistent 



with myocardial stunning, and the thick- 
ening encompassed the same circumfer- 
ential extent as the area at risk identified 
with tissue staining. Third, animals in 
group 3 that underwent very brief (2 
minutes) ischemia exhibited no evidence 
of stunning and no contrast defect. To 
our knowledge, these findings show for 
the first time that stunned myocardium 
can be delineated as a contrast defect by 
administering Mn 2+ , and they suggest a 
persistent, abnormally low cellular influx 
of calcium in the dysfunctional region. 

Myocardial MR Signal Intensity 
Changes after MnCl 2 
Administration 

The results of this study showed a sig- 
nificant increase in MR signal intensity 
over the entire heart on Tl -weighted SE 
images but no discrimination between 
the postischemic region and normal 



myocardium. For differential signal in- 
tensity to manifest, IR prepared MR im- 
aging was required. There are several po- 
tential reasons for this: (a) the Tl- 
weighted SE sequence is less sensitive 
than the IR prepared sequence for dis- 
crimination of regions with different Tl 
values, (b) manganese-dependent T2 
shortening could have reduced or over- 
ridden an otherwise observable Tl -de- 
pendent signal intensity difference with 
the Tl -weighted SE sequence, and (c) rep- 
etition time for the Tl -weighted se- 
quence may not have been set to provide 
maximal contrast. 

On IR prepared SE images, normal 
myocardium was hypointense in com- 
parison with postischemic myocardium 
with inversion time set to 200 msec. Con- 
trast was reversed to hyperintense nor- 
mal myocardium when inversion time 
was increased to 400 msec. This result 
indicates that Rl (1/T1) was greater in 
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Figure 5. Tl-weighted SE images (400/12) obtained before (A) and 
30 minutes after (B) infusion of 0.025 mmol/kg MnCl 2 in a rat that 
underwent three episodes of 10-minute occlusion followed by 12 
minutes of reperfusion. The images were obtained in the same animal 
as in Figure 2. Uptake of manganese into myocardium was apparent 
from enhancement of signal intensity in both normal and postish- 
emic myocardium. Large arrows along the epicardial border and small 
arrows along the endocardial border of the anterolateral wall indicate 
the postischemic zone. There was very little difference in signal en- 
hancement between normal and postischemic regions on conven- 
tional Tl-weighted MR images, even though this heart demonstrated 
a clearly denned hypoenhanced zone on IR SE images. 



normal versus postischemic myocardium 
after MnCl 2 administration and that sub- 
stantially more Mn 2+ was taken up by 
normal myocardial cells than by post- 
ischemic cells. It is not possible, at 
present, to determine accurately the 
concentration of Mn 2+ in either region, 
because the Tl relaxivity (potency) of 
manganese will have changed due to 
complexation of the ion with cellular 
components such as adenosine triphos- 
phate and proteins. 

Relationship between Manganese 
Uptake and Pathophysiology of 
Stunned Myocardium 

Stunned myocardium is denned as a 
mechanical dysfunction that persists af- 
ter reperfusion, despite the absence of ir- 
reversible damage and despite restoration 
of normal or near-normal coronary flow 
(15). The results of the current study sug- 
gest that calcium channel activity is per- 
sistently diminished in the stunned myo- 
cardium in vivo. This is based on the 
concept that extracellular Mn 2+ com- 
petes with extracellular Ca 2+ for binding 
to and transport through active calcium 
channels into the myocardial cells during 
action potential. Accordingly, the quan- 
tity of manganese taken up during expo- 
sure of the heart to elevated extracellular 
manganese ion concentration is propor- 
tional to the manganese exposure (con- 
centration multiplied by time), the num- 
ber of active calcium channels, and the 
calcium influx. The calcium influx trig- 
gers the next contraction, and the mag- 
nitude of influx regulates the strength of 
subsequent contractions. Since an intra- 
cellular manganese ion does not redis- 
tribute (as calcium does), its uptake dur- 
ing the exposure period is stored in the 
heart cells for many hours. 

In the current study, manganese was 
routinely administered approximately 
lVz hours after reperfusion, and the du- 
ration of exposure was approximately 15 
minutes, including the infusion and 
roughly 5 minutes of clearance from the 
blood. Thus, diminished calcium chan- 
nel activity persisted for at least \ x h hours 
after reflow. It will be important to deter- 
mine whether the time course of dimin- 
ished manganese ion uptake matches the 
time course of recovery of function. 

There are many published reports that 
describe the mechanism of dysfunction 
in stunned myocardium, but few have 
addressed whether calcium channel ac- 
tivity is abnormal. Consequently, there is 
not a body of literature with which to 
directly compare this main observation 



of our study, although a study (16) found 
diminished calcium channel activity in 
stunned porcine myocardium. Moreover, 
the consensus within this field is that the 
dysfunction is due to primary biochemi- 
cal damage to intracellular contractile 
proteins (17) that is caused by a combina- 
tion of brief calcium overload (18-20) and 
burst production of damaging oxyradicals 
(10,21) that are initiated by reperfusion. 
Key elements supporting this view in- 
clude findings that intracellular calcium 
transient is normal in stunned myocar- 
dium (19,22) and isolation of damaged 
proteins from tissue specimens taken 
from stunned regions (23,24). Within 
this context, a persistent reduction in cal- 
cium influx might be viewed as part of a 
cellular adaptation to a sublethal injury. 
It is plausible that reduced calcium influx 
persists despite a normal intracellular cal- 
cium transient as long as calcium efflux 
by sodium-calcium exchanger is also re- 
duced in compensation (25). 

Detection of Dysfunctional 
Myocardium with MR Imaging 

Evaluation of myocardial function 
with MR imaging and other imaging mo- 
dalities is performed on the basis of me- 
chanical indices derived from changes in 
anatomic dimensions (wall motion anal- 
ysis) or tag locations during the cardiac 
cycle. These methods are very useful in 
the detection and characterization of me- 
chanical defects, but they do not provide 
a means of delineating the injured myo- 
cardial tissue that is responsible for the 



dysfunction. Diminished wall thickening 
may be produced by a nontransmural tis- 
sue injury. Also, the circumferential ex- 
tent of a mechanical dysfunction may 
differ from the circumferential extent of 
the injured tissue that causes it. More- 
over, there is currently no known spatial 
relationship between mechanical dys- 
function and the responsible injured 
myocardial tissue because there has been 
no method to delineate the injured tissue 
for direct comparison with mechanical 
measurements. Thornhill et al (26) re- 
ported that gadolinium diethylenetri- 
aminepentaacetic acid is ineffective for 
distinguishing stunned myocardium from 
normal myocardium in dogs. Studies of 
stunned myocardium with positron emis- 
sion tomography tracers indicate that flu- 
orodeoxyglucose uptake is increased in 
the dysfunctional zone (27,28). This ap- 
proach may also provide a method to 
define dysfunctional myocardium inde- 
pendently from mechanical measure- 
ments. With the currently described 
method to define the dysfunctional tis- 
sue as a contrast defect, in combination 
with image-based mechanical measure- 
ments, it may be possible to learn about 
mechanical consequences of particular 
local injury patterns. 

Manganese-related Cardiotoxicity 

It is well known that Mn 2+ competes 
with and inhibits cellular uptake of Ca 2+ . 
If a sufficiently large concentration of 
Mn z+ is present in the plasma, cardiac 
arrest will occur due to calcium channel 
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TABLE 2 

Signal-to-Noise Ratio Changes of Myocardial Regions on T1 


-weighted Images after Administration of MnCI 2 




Group 1 

Duration of Contrast Medium 


Croup 2 


Group 3 


Administration (min)* Healthy Injured 


Healthy Injured 


Healthy 


Injured 


Pre 7.6 ± 0.9 7.6 ± 1 .0 
15 13.2 ±2.0 12.4 ±1.6 
20 12.3 ±2.5 11.5 ±2.3 
25 13.7 ±2.1 12.7 ±1.8 
30 13.1 ±2.8 11.8 ± 2.2 


7.0 ± 0.8 7.4 ± 0.9 
13.1 ± 1.3 15.4 ± 1.5 
13.5 ± 1.4 14.1 ± 2.0 
13.8 ±1.6 14.9 ±1.7 
13.5 ±1.3 13.4 ±1.9 


7.2 ± 1.5 
1 3.9 ± 1 .4 
1 3.0 ± 2.4 
12.2 ± 2.4 
13.2 ± 2.1 


7.3 ± 2.0 
14.1 ± 2.1 
1 3.0 ± 2.6 
12.1 ± 2.5 
13.1 ± 2.3 


* Pre = before administration. P < .05 for comparison of precontrast signal-to-noise ratio values with all postcontrast signal-to-noise ratio values at 
repeated-measures analysis of variance performed separately for each group. There were no significant differences among postcontrast values for each 
group or between groups at this analysis. 




normal postischemic 
region 

Figure 6. Plot of percentage regional wall 
thickening (100 multiplied by systolic thick- 
ness minus diastolic thickness divided by dia- 
stolic thickness) for normal and postischemic 
myocardium. Rats underwent three episodes of 
10-minute left anterior descending coronary 
artery occlusion and 12 minutes of reflow 
(group 1), a single 10-minute occlusion (group 
2), or a single 2-minute occlusion (group 3). 
Wall thickening measured in the manganese- 
delineated postischemic myocardium was sig- 
nificantly reduced compared with that in nor- 
mal myocardium in animals from groups 1 
and 2 prepared for stunned myocardium (* in- 
dicates P < .05 at repeated-measures analysis of 
variance). MnCl 2 administration failed to de- 
lineate postischemic myocardium in the con- 
trol group (group 3), and there was no signifi- 
cant difference in wall thickening between 
normal and postischemic myocardium, which 
indicates absence of myocardial stunning. 



blockade. Thus, concern has been raised 
about cardiotoxicity and the potential for 
negative inotropic effects (11), both of 
which have been observed after rapid ad- 
ministration of manganese (29). Cardiac 
performance was rapidly restored, how- 
ever, when manganese was removed 
from the perfusate, despite the fact that 
myocardium still contained a 60-70-fold 
higher concentration of Mn 2+ than nor- 
mal (29,30). 

In another study in dogs prepared with 
heart failure, no deterioration of cardiac 
function was observed with slow injec- 
tion of manganese-based contrast media 
(31). Moreover, the preponderance of ev- 



Group 1 Group 2 Group 3 
Figure 7. Plot of circumferential extent of 
postischemic myocardium identified as man- 
ganese-delineated defect versus extent of area 
at risk (AAR) defined by exclusion of phthalo- 
cyanine blue dye. There was no difference in 
circumferential extent of area at risk and man- 
ganese-delineated defect in two groups of ani- 
mals prepared for stunning (groups 1 and 2). 
Animals in the control group (group 3) showed 
no manganese-delineated defect at MR imag- 
ing, yet the area at risk was similar in extent to 
that of other groups. 



idence favors the view that acute Mn 2+ 
cardiotoxicity is associated primarily 
with elevated extracellular concentration 
of the free ion, which inhibits calcium 
channels, and not with elevated intracel- 
lular concentration (30). If this is true, 
then acute toxicity can be managed by 
keeping the extracellular concentration 
of manganese very low, either by slow 
administration or by administering a 
chelate complex such as mangafodipir, 
which releases the ion slowly. With this 
approach, the fraction of inactive cal- 
cium channels is kept at an acceptably 
low level while Mn 2+ slowly accumulates 
in the cells of the heart. It is inescapable, 
however, that the contrast-producing 
mechanism in the current application, 
whether accomplished with slow infusion 
of Mn 2+ or with slow release of Mn 2+ from 
a chelate, is the loading of an abnormally 
large concentration of Mn 2+ into myocar- 
dial cells. While administering manganese- 
chelate formulations may protect heart 
cells against oxygen toxicity (32), the long- 



term, potentially deleterious consequences 
of cellular overload of Mn 2+ need to be 
determined. In the current study, we did 
not observe changes in heart rate or signs 
of heart failure after slow administration of 
MnCU. 



Limitations 

The current study did not address 
whether differentiation between stunned 
and infarcted myocardium is possible af- 
ter administration of a manganese-based 
contrast medium. Previous studies (5,6) 
have shown less than normal manganese 
accumulation in infarcted myocardium, 
and it was suggested that this behavior 
might be useful in delineating viable re- 
gions from nonviable ones. The current 
study shows reduced manganese accu- 
mulation in postischemic viable myocar- 
dium; therefore, contrast between viable 
and nonviable injured regions will be re- 
duced, and it is not obvious that these 
regions will be easily distinguished from 
each other. This question has to be an- 
swered in future experimental studies 
conducted in animals with small infarc- 
tion size and surrounding the stunned 
periinfarction zone. 

Practical applications: Results of this 
study indicate that function-based con- 
trast enhancement can be achieved in 
the myocardium with delayed contrast- 
enhanced Tl-sensitive MR imaging se- 
quences. This may be particularly valu- 
able in addressing the difficult problem 
of defining hibernating myocardium. 
There is substantial evidence that stunned 
and hibernating myocardium share a 
common pathophysiology (33). Delinea- 
tion of hibernating myocardium by 
means of manganese-based contrast me- 
dia is therefore promising and should be 
evaluated in further studies. 

Potential toxicity makes it difficult to 
envision application to humans of a suffi- 
ciently high dose of MnCl 2 for observable 
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contrast on MR images; however, delayed 
imaging performed after slow administra- 
tion of the clinically approved contrast 
agent mangafodipir or another manga- 
nese-releasing chelate may be possible. Fur- 
thermore, manganese 52m positron emis- 
sion tomography might be used to 
overcome potential dosage problems 
when using manganese-based contrast 
agents for MR imaging, since tracer dos- 
ages would be of the order of Mn 2+ min- 
imum daily dietary requirement (34). 
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